THE MAMMALIAN IMMUNE SYSTEM can be broadly divided into two main arms: innate and adaptive immunity. As its name implies, the cells and receptors of the innate immune system are critical for the rapid recognition of the infectious agent and initiating a proinflammatory response. While the inflammation generated by innate immune cells [neutrophils, macrophages, monocytes, natural killer (NK) cells, dendritic cells (DCs), etc.] is important in the initial containment of the infection, it also informs and directs the expansion and differentiation of adaptive immune cells. Responding to the inflammatory environment created by the innate response, cells of the adaptive arm of the immune response (B cells, ␣␤ T cells, and ␥␦ T cells) are stimulated to expand in number (proliferate) and to differentiate into cells with a range of functions appropriate for the immunological challenge. Upon elimination of the invading pathogen, the majority of adaptive cells die and leave behind an (evergrowing) array of memory cell subsets. These memory cells offer a diversity of migratory properties and functions, collectively mediating a rapid and protective immune response upon reinfection. Thus, the major advantages of an adaptive response to the host are twofold. First, it allows the host to form an immune response that is specifically tailored to the invading pathogen. Second, it forms a pool of memory cells from these specific effectors that can last for many years, capable of protecting the host against reinfection by their rapid response. This combination of specificity and memory are the mechanistic underpinnings for the clinical success of vaccination.
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Critical to almost all functions of the adaptive immune response is the activation and programming of T cells from their naïve/resting state. Although there is much more to be learned, we now have a good basic understanding of the signals and cell types involved in the various stages of the T cell response initiated within the secondary lymphoid organs (SLOs). To provide a comprehensive overview, this review will summarize the T cell response broken down into three major stages: activation, differentiation, and memory formation. We will then assemble these components into a description of the anatomy of an immune response and its relationship to productive immune protection.
T Cell Activation
The primary mediator of T cell activation is the T cell receptor (TCR). Generated by recombination of genomic DNA sequences during T cell development in the thymus, each TCR is essentially unique and is responsible for the specificity of each T cell (26, 79) . Successful recombination of a functional TCR and emergence from the thymus results in a resting, "naïve" T cell capable mainly of migrating through the secondary lymphoid tissues (lymph nodes and spleen) and peripheral circulation but as yet incapable of producing any kind of response that could protect against infectious challenge. Producing a T cell that is capable of mediating immune protection first requires "activation" of the naïve T cell. This involves coordinated interactions between a number of molecules on the T cell and an antigen-presenting cell (APC), a cell that bears an antigenic peptide derived from the infectious agent noncovalently bound to a major histocompatibility complex (MHC) class I or class II molecule (Fig. 1A) . The TCR is composed of two chains (␣ and ␤), which recognize the peptide antigen only when it is bound in the context of an appropriate class I or class II MHC. On the T cell, the TCR associates with a complex of membrane proteins collectively known as CD3 (composed of ␥-, ␦-, ε-, and -subunits), and it is the cytosolic region of this complex that is responsible for propagating an intracellular signal subsequent to TCR ligation. Each TCR also associates with either a CD4 or CD8 coreceptor, depending on the type of T cell. These two molecules bind to MHC (class I for CD8 and class II for CD4), further stabilizing the interaction between the T cell and APC (25) .
Subsequent to recognition of the cognate peptide and MHC by a specific TCR, the T cell and APC undergo actin-mediated membrane reorganization, facilitating the grouping of these TCRs on the cell surface and the formation of the immunological synapse (1, 6) . Besides the TCR, other relevant molecules (costimulatory and/or adhesion) are also recruited to the site of the TCR-MHC interaction, forming a large multimolecular structure known the supramolecular activation complex (SMAC; Fig. 1B ). This complex consists of a focal point of signaling molecules (cSMAC) surrounded by a ring of adhesion molecules (pSMAC) (62) . This arrangement promotes both prolonged and stronger intracellular interactions and the appropriate spatial ordering of all the different TCR/coreceptor/costimulatory molecules (23) . The grouping of TCR/peptide/MHC within the cSMAC results in the phosphorylation of CD3 components by Src family kinases Lck and Fyn (Fig. 1A ) (2, 13, 14, 27, 76) . This phosphorylation recruits and activates -chain-associated protein kinase 70 (ZAP-70) (11), which, in turn, phosphorylates linker for activation of T cells (LAT) (93) , leading to the creation of the LAT signalosome, a multiprotein complex responsible for the remainder of the downstream signaling after TCR ligation (21) . The culmination of TCR and concomitant costimulatory signals (as discussed below) collectively induces a transcriptional program resulting in robust IL-2 production/secretion, an autocrine and paracrine factor that stimulates T cells to proliferate. It has long been known that simply stimulating a T cell with its cognate antigen alone does not lead to activation but instead results in a T cell refractory to further stimulus (42, 81) . The discovery of this hyporesponsive state, generally known as anergy, led to the hypothesis that T cell activation requires additional input to become fully activated. These data led to a search for surface receptors that might be responsible for preventing the induction of anergy. Using monoclonal antibodies to disrupt normal functioning, experimenters determined that blockade of CD28 (or its ligands CD80 and CD86 on APCs) during T cell-APC interactions resulted in an anergic T cell phenotype (31) . More extensive studies have revealed a number of aspects of the intracellular signaling that are responsible for rescuing T cells from the anergic state, generally flowing through phosphatidylinositol 3-kinase and phospholipase C-␥ and by the generation of a Ca 2ϩ flux (3, 69, 78, 86) . The identification of CD28 as the primary costimulatory pathway for T cell activation confirmed the "two-signal" model of T cell activation. However, numerous lines of evidence have suggested that, although CD28 ligation is a necessary second signal, other membrane-bound and/or membrane-soluble inflammatory signals are necessary to achieve complete T cell activation, paving the way for "three-signal" and "four-signal" models as well (see below). Collectively, the data seem to indicate a role for inflammatory cytokine mediators in directing the differentiation of the stimulated T cell into an effector appropriate for the immunological insult being addressed (17, 50) . Likewise, the data reflect a general role for members of the TNF receptor superfamily (CD27, OX-40, 41BB, and CD30) when interacting with their appropriate ligand on APCs (CD70, OX-40L, 41BBL, and CD30L, respectively) to promote the survival of proliferating cells through their differentiation process and on into memory (59, 77) .
The identification of these costimulatory signals has also provided mechanistic insights as to the connection between the innate and adaptive arms of immunity. Few (and sometimes none) of the costimulatory ligands described above are found on the surface of resting, immature APCs, i.e., an APC unstimulated by microbes or by any proinflammatory mediators typically made by innate immune cells responding to infectious challenge (32) . Thus, in the steady state, T cell interactions with a specific antigen on these resting APCs results in anergy and immune tolerance, a process that appears to be responsible for eliminating self-reactive T cells to antigens expressed only in the periphery and thereby preventing autoimmunity (7). However, when an APC becomes activated by sensing pathogens or inflammation through one or more cytokine and/or innate pattern recognition receptors, the various costimulatory ligands are expressed, allowing T cell activation, proliferation, and differentiation (40) . Thus, the production of innate inflammatory signals and mediators is a necessary prelude to the effective transition to an adaptive response.
Finally, T cells also express an array of inhibitory receptors, helping to fine tune the eventual response of the T cell to fit the inflammatory milieu where it was stimulated. These inhibitory receptors can act to both limit costimulatory signaling as well as costimulatory molecule ligation. A good example is cytotoxic T lymphocyte antigen (CTLA)-4, an inhibitory molecule expressed on activated T cells that both produces intracellular phosphatase activity that dampens downstream signaling of TCRs and CD28 and also acts as a competing receptor for CD80 and CD86 (indeed, CTLA-4 actually has higher affinity for CD86 binding than does CD28) (53) . As a result, depending on its level of cell surface expression, CTLA-4 can directly interfere with CD28 associating with CD80/CD86. A number of other inhibitory receptors have been identified (programmed cell death-1, lymphocyte activation gene 3, and V-domain Ig suppressor of T cell activation), and blockade of their function using monoclonal antibodies is being successfully exploited clinically for the purposes of augmenting immunity against various cancers (66) .
T Cell Differentiation
T cell support of immune responses comes in two broad categories: generation of "helper" T cells and generation of "cytotoxic" T cells. A broad generalization segregates helper function to CD4 T cells and cytotoxic functionality to CD8 T cells. Other less prominent, although not necessarily less important, T cell subsets exist (␥␦ T cells and NK T cells) but will not be specifically addressed in this review. However, many of the principles of T cell differentiation and cytokine production described below can also apply to these other subsets, and other reviews have been directed toward their function and importance (8, 28) . Helper CD4 T cell responses support the immune response by the robust generation of cytokines and chemokines that either activate neighboring cells to perform specific functions (cytokines) or recruit (chemokines) new immune cell subsets to sites of pathogen encounter. While CD8 T cells also are capable of a diverse array of cytokine production, their function appears to be largely focused on the elimination of pathogen-infected host cells by cytotoxic means. This is most commonly accomplished by the delivery of cytotoxic granules into the cytosol of the infected cell (recognized by TCR binding to peptide/MHC on the target cell) by a CD8 T cell. It is important to note that while these are the canonical functions of CD4 and CD8 T cells (helper cytokine production and cytotoxic activity, respectively), numerous exceptions to these rules have been documented, and, in any setting, the potential of cytokine-producing helper CD8 T cells and/or cytotoxic CD4 T cells must be considered.
In the face of the diverse spectrum of pathogens encountered by the host (viruses, bacteria, and parasites), the host produces a spectrum of specialized T cell responses uniquely suited to the invading pathogen (Fig. 2) . Interactions between pathogens and pattern recognition receptors on cells of the innate immune system results in the production of various inflammatory cytokines. Naïve T cells retain their specificity by expression of their unique TCR but remain uncommitted to their helper fate until engagement of their TCR is accompanied by the integration of molecular signals downstream of their cytokine receptors. In response to the specific cytokine environment (cytokine milieu), antigen-stimulated T cells will be genetically programmed into a variety of potential subsets that possess effector mechanisms appropriate for eliminating the pathogen. Helper T cell responses are thus classified into T helper (Th) subsets, with the major ones (although not all) designated as Th1, Th2, Th17, Th9, Tfh, and Tregs. The Th1 and Th2 subsets were so named because they were the first two subsets discovered (64) . In recent years, a convention has emerged of naming the T cell subset based on its cytokine production profile (Th17 and Th9) or biological significance [folicular helper (Tfh) and regulatory (Treg)], which is preferred since it carries with it relevant functional, rather than historical, information about the subset in question. Figure 2 shows a visual summary for each subset described in further detail below.
The generation of interferon (IFN)-␣/␤ and IL-12 cytokines in response to an intracellular pathogen (i.e., viruses and mycobacterium tuberculosis) stimulates responding T cells to induce the expression of the transcription factor T-bet (65) . As a transcription factor, T-bet then docks in the promoter regions of genes, promoting T cells to differentiate into the Th1 subset (82) . The Th1 subset is characterized by its generation of large and persistent amounts of IFN-␥ and TNF-␣. These cytokines then feed back into the general cytokine milieu, activating neighboring cells like macrophages to elevate their phagocytic and antigen-presenting properties. Additionally, genes turned on in neighboring cells stimulated with either type of IFN will shut down host proteins commonly hijacked by viruses, thereby restricting viral replication and quarantining the virus.
When naïve T cells are activated in the presence of IL-4, produced by a variety of innate cell types in response to parasites (84) , it induces T cell differentiation into the Th2 subset (20) . Th2 cells generate large amounts of IL-4, IL-5, and IL-13. These cytokines disseminate, activating neighboring eosinophils, mast cells, and basophils, which specialize in the elimination of parasites (83) . Additionally, Th2-generated cytokines promote B cells to produce IgE and IgA isoforms of antigen-specific antibody, which circulate to mucosal surfaces and neutralize future threats of parasitic encounter. Interactions with other parasites that generate milieus rich in IL-4 and transforming growth factor (TGF)-␤ result in the generation of a similar but developmentally distinct Th subset, Th9 (18, 87) . Like Th2 cells, Th9 cells thwart parasites through the production of IL-4 and IL-13 but also produce, as their name implies, IL-9 (29) . IL-9 supports CD4 T cell expansion and survival but additionally has potent effects on mast cells, promoting their activation and expansion. Both Th2 and Th9 subsets achieve their unique helper characteristics through the upregulation of genes activated by the transcription factor GATA-3 (94) . GATA-3, in turn, is upregulated by IL-4 driven from the innate response.
In response to extracellular bacteria and fungi (34) , innate immune cells generate large amounts of both TGF-␤ and IL-6 (39). When naïve T cells receive these signals with additional and sustained IL-21 and IL-23 stimulation, they become "Th17" helper T cells (56) under the differential control of a transcription factor called ROR␥T (91) . As the name suggests, this T cell subset is characterized by its ability to produce the cytokine IL-17. IL-17 potently activates neutrophils and, along with IL-8 and other chemokines generated by Th17s, strongly recruits neutrophils to the site of fungal and bacterial invasion. With their release of potent oxidative chemical species, neutrophils are able to directly kill many bacteria and fungi. The importance of Th17s is highlighted in individuals with genetic alteration resulting in diminished IL-17. These individuals suffer from recurrent, severe bacterial and fungal infections (73) .
While the inflammatory environment is heavily influenced by the specific nature of the invading pathogen, not all T cell differentiation is pathogenic specific. Some T cell differentiation occurs to support immune functions common to all infection responses. The cytokines IL-21 and IL-27 are generated in response to a variety of pathogens and serve to polarize naïve T cells, via the induction of transcription factor Bcl-6 (54), to specifically home to B cell follicles in SLOs (i.e., the spleen and tonsils). Once there, these Tfh cells express a variety of cytokines and costimulatory molecules to assist in the germinal center reaction of B cells, promoting the robust generation of high-affinity antibodies (9) . As a testament to the breadth of Tfh influence, mice genetically deficient in molecules necessary for Tfh differentiation fail to produce germinal centers or high-affinity antibodies, a condition that makes them more susceptible to a broad spectrum of infectious agents (16) .
Unchecked, persistent, or overexuberant immune responses carry with them the danger of immunopathology. To avert this disaster, the immune system produces Tregs, a regulatory subset of T cells that puts the brakes on a variety of inflammatory processes (51, 75) . Unlike other T cell subtypes, Tregs can be produced directly from thymic selection [natural Tregs (nTregs)] as well as differentiated [induced Tregs (iTregs)] under the influence of environmental factors such as TGF-␤ and retinoic acid (12) . In either type of Treg, suppressive activity is mediated by active expression of the transcription factor FOXP3 (22, 33) . The hallmark effects of Tregs are the impairment of T cell proliferation and cytokine production from other T cell subsets despite their engagement of their antigen-specific TCR. Tregs use a diverse repertoire of mechanisms to achieve these means, such as production of the suppressive cytokines IL-10 (63), TGF-␤, or IL-35. These cytokines appear to be instrumental in reestablishing immune quiescence at the elimination of the invading pathogen as well as maintaining immune tolerance to self. In the genetic absence of FOXP3, and thus the absence of regulatory T cells, both people and mice exhibit broad multiorgan autoimmunity (4, 10) .
Given their capacity for cytolytic activity, the other major subset of T cells, CD8 T cells, specialize in the eradication of intracellular pathogens and even cancer. When CD8 T cells recognize their antigens in the presence of IFN-␣/␤ and IL-12 cytokines, they differentiate into cytotoxic T cells. Like Th1 cells, cytotoxic T cells generate robust amounts of IFN-␥ and TNF-␣. In addition, these activated and polarized CD8 T cells generate large amounts of secretory vesicles that, when released in close contact to other cells, directly lyse neighboring cells. This activity is mediated through the perforin and granzyme protein families contained within the vesicles. Since cytotoxic CD8 T cells recognize antigen presented on the more ubiquitously expressed MHC class I molecule, CD8 T cells can interact with virtually every cell in the body. Cells presenting antigen in the form of peptide/MHC class I on their surface are identified by the T cell and directly lysed by interactions of their pathogen peptide/MHC with the TCR of CD8 T cells. TCR engagement directs lytic vesicles to the region of interaction, releasing the molecule into the synapse between the cells, thereby lysing the neighboring cell. In this way, CD8 T cells recognizing tumor-associated antigens can lyse cancerous cells upon a competent encounter. Like CD4 Th1 cells, cytotoxic CD8 T cells are programmed through the transcription factor T-bet, but their differentiation is also supported through the transcription factor Eomesodermin (70). It bears repeating that while cytotoxic function seems to be a common feature of CD8 T cells regardless of the cytokine milieu, the inflammatory environment can also influence their cytokine production profile in a similar fashion as CD4 T cells, producing such documented subsets referred to as Tc2s and Tc17s (35) .
Finally, it is important to note that immunological disease occurs when any of these processes occur in an unyielding or overly robust manner or in the absence of a traditional immunological/pathogenic trigger (Fig. 2) . Distinct roles have been elucidated for both Th1 and Th17s in multiple autoimmune conditions in humans [type 1 diabetes (47) and multiple sclerosis (48, 58) ]. Additionally, robust Th2/Th9 responses have been clearly linked to asthma (52, 55) and allergy (60) . Unresolved Th2 and Th17 inflammation results in tissue fibrosis and loss of functional organ architecture (i.e., pulmonary fibrosis) (73, 89) . Cytotoxic and Th1 responses have lethal consequences when the natural host response or therapeutic intervention goes too far and elicits a massive bolus of inflammatory cytokines (i.e., cytokine storm), sending the host into pyrogenic shock. Highlighting the exquisite balance of the immune system, too much regulatory T cell activity is also detrimental to the host as it impairs host tumor immune surveillance, permitting the persistence of oncogenic cells (57, 95) . Thus, appropriate immune homeostasis for the host depends on the coordinated temporal regulation of immune activation and immune suppression.
T Cell Memory
As discussed above, T cells have an amazing capacity to proliferate and adopt functional roles aimed at clearing a host of an infectious agent. Just as remarkably, although less understood, is the drastic decline in the T cell population once the primary response is over and the infection is terminated. What remains afterward is a population of T cells with a "memory" for the pathogen they had just taken part in controlling. These remaining T cells, after the collapse of the primary response, are altered in their functional abilities. Compared with their naïve counterparts, these memory T cells have less stringent requirements for subsequent activation via antigenic and costimulatory receptors, an increased proliferative potential, and a more rapid effector response. In addition, memory cells can traffic through both SLOs and peripheral tissues, giving them access to tissues poorly accessed by naïve (peripheral tissues) or effector (SLO) T cells. Collectively, these functions produce an in situ response to reinfection in a fraction of the time taken by the primary response.
A T cell response typically peaks ϳ7-15 days after initial antigen stimulation. For a productive response, this peak corresponds roughly to the eradication of the pathogen. Over the next few days, 90 -95% of antigen-specific T cells then die off, leaving behind a pool of memory cells with a range of phenotypes and functionalities. For both CD4 and CD8 T cells, there are two main subclasses of memory cells: central-memory (T CM ) and effector-memory (T EM ) T cells. T CM cells are commonly defined phenotypically as expressing high levels of the IL-7 receptor (CD127), high levels of adhesion markers like CD44 and CD62L, low levels of the surface marker killer cell lectin-like receptor subfamily G member 1 (KLRG-1), and high levels of the chemokine/homing receptor C-C chemokine receptor type 7 (CCR7). Furthermore, T CM cells are functionally characterized by their increased potential for proliferation after antigen reencounter. T EM cells phenotypically contrast with T CM cells in that they generally express low levels of CD62L, low levels of CD127, high levels of KLRG-1, and deficiency in CCR7. As their name implies, T EM cells display rapid effector function (granzyme B and IFN-␥ production) but a limited proliferative potential. The high expression of CD62L and CCR7 by T CM cells allow for preferential homing to SLOs (which constitutively produce the CCR7 ligands CCL19 and CCL21), where they are well situated to protect from a systemic infection and seed the peripheral tissues with new effector cells after stimulation. In contrast, their lack of CCR7 and CD62L expression results in preferential T EM cell trafficking through nonlymphoid tissues. This trafficking pattern, in conjunction with their increased cytolytic capacity, marks them as "first responders" at the peripheral site where reinfection could occur. Taken together, these phenotypic and functional characteristics favor a model where T EM cells control the initial exposure to a pathogen at the site of infection, affording T CM cells the time required to proliferate and create a new round of effectors, ultimately promoting the final elimination of the pathogen. That said, it is safe to say that T CM and T EM cells occupy opposite ends of an everdiversifying spectrum of T cell memory subsets. Many more surface and functional markers than those described above have been identified, painting a much more nuanced view of memory T cell subsets than the simplified T CM /T EM dichotomy described above. For example, the cell surface marker KLRG-1 highly correlates with effector and T EM cell types, yet a specific function for this molecule has yet to be defined. Furthermore, populations of high-KLRG1, high-CD127 cells can be found, the function of which may be more related to T CM than T EM cells by virtue of their responsiveness to IL-7. Thus, the very act of specifically naming individual T cell memory subsets to some extent ignores the plasticity that T cells have for interchanging or blending functionalities and developmental fates. For a review of this concept and the evidence to support it, see Ref. 41 . Figure 3 shows a simplified model of T cell fates dependent on the environmental cues it receives as well as cell-intrinsic factors.
Once formed, subsets of memory cells can survive for decades [the half-life of memory T cells is ϳ8 -15 yr (30)], providing protection for the better part of a lifetime. That said, different T cell subsets have different life expectancies, and the cell fate decisions between these subsets are heavily influenced and guided by the inflammatory environment of the T cell (Fig.  3) . This can be (very) roughly broken down into variations in the duration and magnitude of antigen and inflammation. It is ironic that insufficient and overexuberant antigen exposure both result in compromised immune memory, for reasons of under-and overdifferentiation, respectively (Fig. 3) . Multiphoton microscopy has allowed for the characterization of APC-T cell contact, showing that there is a minimum interaction time for proper activation of T cells (36, 61) . Similarly, Listeria monocytogenes-infected mice given antibiotics to abruptly end an infection demonstrated decreases in both antigen exposure and inflammation. This decrease causes defective CD4 T cell expansion and, in the CD8 T cell compartment, appropriately expanded primary cells that fail to proliferate to a secondary challenge (43, 90) . At the opposite end of the spectrum, continual stimulation of T cells (such as in chronic viral infection) can lead to "clonal exhaustion" where the unrelenting antigen stimulation overdifferentiates all the viral-specific T cells into effectors.
With regard to inflammation, IL-2, IL-12, and IFN-␣/␤ can increase the differentiation of cells to effectors. In CD8 T cells, the effector molecules granzyme B, perforin, and IFN-␥ are all upregulated by IL-2, increasing cytolytic capacity (85) . However, at high concentrations of IL-2, the increased push toward an effector state comes at the expense of memory T cell development. The opposite case emerges in common ␥-chain (a shared subunit of IL-2, IL-7, IL-15, and IL-21) and IL-2 receptor-␣ deficiencies, where phenotypically memory cells are promoted at the expense of the primary effector response (5, 67, 68) . However, these memory T cells have a defective secondary proliferative capacity. Another common ␥-chain cytokine, IL-21, now appears to be a natural counterweight to IL-2 and inflammatory signals. IL-21 is produced primarily by Fig. 3 . T cell memory. T cells may assume many phenotypes in response to stimulation. The eventual fate of a T cell depends on many environmental queues, including, but not limited to, cytokines, inflammatory and immune-modulatory products, and tissue-specific factors. These signals, in turn, influence the transcriptional profile of the T cell, leading to developmental choices. Generally, IL-7/15/21 and Eomes/Bcl-6 are considered to tip the scale toward memory. In contrast, IL-2/12, inflammatory products, and T-bet/Blimp-1 weigh toward terminal differentiation and effectors. Exhaustion can result when T cells experience these factors too intensely or for too long. A proper balancing of all these factors will lead to long-lived, protective memory. Markers commonly used to identify cells within a particular functional grouping are given on the right. KLRG-1, killer cell lectin-like receptor subfamily G member 1; PD-1, programmed cell death-1; Lag3, lymphocyte activation gene 3; Tim-3, T cell Ig mucin-3. activated CD4 T cells and acts on CD8 T cells to increase proliferative potential upon secondary stimulation and survival, likely due to its ability to suppress terminal differentiation. Evidence for this is that IL-21 receptor-␣ Ϫ/Ϫ mice are unable to control chronic viral infection and have reduced long-term memory, and their responding cells exhibit an exhausted phenotype (19, 24, 92) . Furthermore, a recent report (49) has identified primary immunodeficiency patients with defective IL-21 alleles who fail to mount productive T cell responses. Taken together, these findings suggest a balancing of inflammatory and immune-modulating signals, where both are required for proper effector and memory functions, but overcommitment to either can lead to dysfunctional T cells.
It is important to note that there is a certain intrinsic ability of effector T cells to form a memory population. CD8 T cells treated with a high concentration of IL-2 before transfer into a congenic host have an increased effector phenotype and poor maintenance compared with low-concentration IL-2-treated cells yet will form a functional memory population (72) . Furthermore, some intrinsic ability to form memory combined with heterogeneity of IL-2 receptor-␣ expression of naïve T cells could allow for memory generation to always occur regardless of inflammatory and IL-2 levels.
As with the different Th subsets, the control exerted over T cells by antigen, cytokines, and the inflammatory milieu are due to their influence on many of the transcription factors described above (Fig. 3) . The T-box transcription factors T-bet and Eomes are critical regulators for all T cells, promoting effector and memory development, respectively (46) . T-bet is upregulated by IL-2 and IL-12 and induces the IL-12 receptor, making it necessary for effector development (80, 82) . Overexpression of T-bet is associated with terminal differentiation and a reduction in memory formation (43) . Eomes, while also induced by signals similar to those that induce T-bet expression, is more associated with the development of memory (70) . However, both T-box factors are required for memory and for proper cytotoxic activity of CD8 T cells. Thus far, the most likely model to emerge is that they both transcriptionally regulate overlapping and nonoverlapping gene sets. These two factors are also capable of antagonizing a subset of each other's genes. Therefore, it is likely that the ratio of T-bet and Eomes expression dictates the effector-memory balance.
One of the more interesting developments in T cell memory differentiation is the relatively recent discovery of the importance of the transcription factors Blimp-1 (PR domain zinc finger protein 1) and . These factors were originally described in B cells, where they are critical and opposing regulators of plasma cell differentiation (Blimp-1) and memory formation (Bcl-6). In recent years, however, they have been found to be central mediators of analogous fates in T cells. Blimp-1 is primarily needed for the proper induction of effector functions (45, 74) , including migration and cytotoxic activity, whereas Bcl-6 is required specifically for T CM cells (37, 38) . Each of these factors have been noted to directly repress the transcription of the other, indicating that the sum of the signals that a T cell receives will allow an increase of one factor and repression of the other. This balance would allow the T cell to then assume the fate ascribed by that factor. Collectively, an (over)simplified model of T cell differentiation emerges, with IL-2, IL-12, T-bet, and Blimp-1 driving the production of effector cells during the early phases of the immune response and IL-21, Eomes, and Bcl-6 favoring the development of longer-lived memory cells. An overabundance of signals in either direction could negatively affect the T cell population, leading to exhausted effectors or dysfunctional memory.
T Cell Response Overview
We can now assemble the stages of T cell activation described above into a larger, "30,000-ft" overview of the T cell response to a pathogen. Pathogen invasion is followed by the replication of the pathogen accompanied by tissue damage. The combination of these two components serve to activate numerous pathogen-and damage-associated molecular pattern receptors present in the local tissue as well as tissue-localized innate immune cells such as macrophages and DCs. The resulting production of inflammatory chemokines and cytokines serves to draw in a host of innate cells (macrophages and neutrophils), which can provide some local support for the immediate containment of the infection. This inflammatory process further induces the activation of local APCs, such as DCs, to not only take up cellular/pathogen debris but to also increase their expression of the chemokine receptor CCR7, which induces their migration into the T cell zones of the local SLO (Fig. 4A) .
During the course of migration, antigen acquired within the inflamed tissue is processed and presented in both class I and class II MHCs on the cell surface for presentation to T cells. In conjunction with antigen processing and presentation, the DC further matures in its expression of the various costimulatory surface molecules and cytokines described above (Fig. 4B) . The combination of increased surface antigen/MHC and costimulatory molecules facilitates the effective stimulation of antigen-specific CD4 and CD8 T cells, whose presence has increased due to local inflammation increasing T cell trafficking in, and restricting trafficking out, of the SLO. The resulting stimulation of antigen-specific CD4 T cells results in their migration to the boundary between the T cell zones and the B cell follicle (88) . There they have the opportunity to interact with antigen-specific B cells that have responded to pathogen antigens that have either been dragged in by migrating DCs or have drained through the lymphatics. Effective communication between the CD4 T cell and B cell results in their migration into, and formation of, a secondary follicle, where B cells undergo somatic hypermutation and class switch recombination to form higher-affinity pathogen-specific antibodies. A subset of B cells also differentiate into antibody-secreting cells and migrate into the bone marrow and other niches (96) , where they begin to produce antibody targeting the infectious agent.
Concomitantly, antigen-specific CD4 and CD8 T cells clonally expand and rapidly begin migrating out of the SLO via the efferent lymphatics, accessing the circulation through the thoracic duct (Fig. 4C) . As a result of their activation, they now express the appropriate adhesion molecules and chemokine receptors that allow them to migrate through the inflamed vasculature and enter the infection site. CD4 T cells encounter pathogen-specific antigen presented on local class II APCs (DCs, macrophages, and monocytes) and produce their effector cytokines appropriate for the infection. Tissue cells infected with intracellular pathogens present pathogen-specific antigens in their class I MHC to CD8 T cells, which lyse the infected cells as well as produce additional effector cytokines. The collective effect of T cell and antibody activity at the site of infection results in the elimination of the infectious agent. The majority of antigen-specific T cells die off as the inflammatory processes that mediated pathogen eradication are replaced by an increasing amount of immunoregulatory cells and cytokines that restore normal tissue homeostasis.
The resolution of the response produces a pool of memory T cells that possess phenotypes and functions tailored to respond to reinfection. Regardless of their specific phenotype (i.e., T CM , T EM , etc.), the pool of memory cells differs from naïve cells in three important parameters (Fig. 4D) . First, despite the 90 -95% die off of antigen-specific T cells, the frequency of cells that remain is still 10 -100 fold higher than the precursor frequency of naïve cells that were present before the pathogen encounter. Much like putting more cops on the beat, the increased precursor frequency makes for enhanced patrolling and surveillance of the host. Second, memory cells have the capacity to access both SLO and peripheral tissues, even under conditions of homeostasis. Contrary to the primary response, where the trafficking patterns of the naïve T cells forces them to wait in the draining SLO until antigen and/or migrating APCs present them with antigen days after the initial infection, the presence of memory cells in situ enables their immediate response to a pathogen reencounter. This contributes to the dramatically shorter response time of the secondary response. An interesting aspect of the immediate response by memory cells is that their production of effector chemokines and cyto- kines serve to draw in many innate immune cells as effectors. Thus, while the quality and quantity of innate immune activation facilitates the primary adaptive response, it is the adaptive response that facilitates the recruitment and activation of innate cells during the secondary response. Third, memory cells are more sensitive to antigen stimulation through their TCR and are somewhat less dependent on costimulatory molecules to enable their productive response. As a result, memory cells are able to respond to the presentation of minimal amounts of antigen during the early hours after the initial reinfection.
Finally, it is worth noting that what is described in this review is fully idealized and does not incorporate all of the possible permutations that can and do exist in T cell responses generated in the real world. That is, the response described above is what can happen when everything is working exactly as it should, culminating in effective, long-lived memory against an infectious pathogen. While idealized responses do occur in nature, the most interesting and productive ends of the T cell research spectrum focus on what happens when things go wrong and why. Examining these extremes of immune dysfunction, within the framework of an idealized response, promises to be a fruitful future source of investigation with both basic and clinical relevance.
